ABSTRACT Short-lived radionuclides (e.g., 26 Al, 53 Mn, 60 Fe, 182 Hf) are widely used to refine the chronology of the early solar system. They provide chronological information, however, only if they were homogeneously distributed in the source region of the objects under scrutiny at the time of their formation. With the high level of precision now achieved on isotopic measurements, very short time intervals can in principle be resolved and a precise evaluation of the initial homogeneity degree becomes increasingly crucial. High-precision nickel isotope data for differentiated meteorites (angrites, ureilites) and chondritic (CB) components allow us to test the initial distribution of radioactive 60 
Hf-182 W) are well suited to date processes in the early solar system, including calcium-aluminum-rich inclusion (CAI) and chondrule formation, planetary accretion, and differentiation (e.g., Wadhwa et al. 2007 ). Due to their short half-lives (t 1/2 = 0.1-100 Ma), extinct radionuclides can be powerful tools for high-resolution chronology within the first few tens of million years of the solar system if the initial distribution of these nuclides was homogeneous, or at least if the radiogenic ingrowth is much larger than the initial isotopic variability. One way to test this hypothesis is to compare the timescales deduced from different chronometers, as their concordance would support a homogeneous distribution. Despite many recent efforts, a clear intercalibration of the different short-lived chronometers relative to each other as well as relative to long-lived chronometers remains elusive, which raises doubts about the homogeneity assumption (Baker et al. 2005; Markowski et al. 2007; Wadhwa et al. 2007) . In this context, 60 Fe is of particular interest: as it can only be produced by stellar nucleosynthesis, its initial abundance and distribution provide strong constraints on the stellar environment around the nascent solar system, on the feeding processes of the nebula by freshly synthesized radionuclides, and on nebular dynamics (Williams & Gaidos 2007; Gounelle & Meibom 2008) . Applying the 60 Ni chronometer (t 1/2 = 1.49 Ma) to various kinds of meteorites has been attempted for more than 15 years. Isochrons have only been found unambiguously in eucrites (Shukolyukov & Lugmair 1993) and ordinary chondrite components (e.g., Tachibana & Huss 2003; Mostefaoui et al. 2005) but not in other meteorites (e.g., Bizzarro et al. 2007; Quitté et al. , 2007 , and no internally consistent 60 Ni chronology emerges to date. The reasons may be (1) disturbance of the 60 Ni system (e.g., by diffusion processes) or (2) 60 Fe heterogeneity in the early solar system, either spatial or temporal. Here we readdress the question of the initial abundance and distribution of 60 Fe in the solar system and present evidence for the second option.
CAIs are rapidly cooled refractory objects that appear to be the oldest solids formed in the solar system (Amelin et al. 2002; Bouvier et al. 2007; Jacobsen et al. 2008) . As such, they are potentially the best samples to constrain the initial 60 Fe/ 56 Fe ratio of the solar system. However, numerous nucleosynthetic anomalies have been reported in these inclusions hampering a clear chronological interpretation of the data. A recent study of CAIs from the Allende meteorite confirmed that most of them carry nickel nucleosynthetic anomalies; however, one of the CAIs (USNM 3529-21), apparently free of nickel nucleosynthetic anomalies, shows evidence for live 26 Al and 60 Fe ). The presence of 60 Fe in this Allende CAI is incompatible with a late injection of 60 Fe into the protoplanetary disk as suggested by Bizzarro et al. (2007) and requires its presence in the protosolar molecular cloud (see also Williams & Gaidos 2007; Gounelle & Meibom 2008) . There is nonetheless no consensus on the initial abundance of 60 Fe. The absence of a bulk CAI isochron defined by several inclusions exempt from nucleosynthetic anomalies does not permit the reliable determination of the exact value. The solar system's initial 60 Fe/ 56 Fe ratio deduced from CAIs is lower than (1.6 ± 0.5) × 10 −6 (Birck & Lugmair 1988 ) but higher than (4.2 ± 1.3) × 10 −7 . Based on the Fe-Ni isotope measurements of sulfides and chondrules from unmetamorphosed ordinary chondrites, it ranges from (1.06 ± 0.28) × 10 −7 to (0.92 ± 0.24) × 10 −6 and from (1.9 ± 1.3) × 10 −7 to > 10 −6 , respectively (Tachibana & Huss 2003; Mostefaoui et al. 2005; Tachibana et al. 2005; Goswami et al. 2007 Pb data) and to back-calculate the initial 60 Fe/ 56 Fe. Angrites (basaltic meteorites) and metal-rich carbonaceous (CB) chondrites can potentially represent good anchors as they formed early in the solar system, cooled quickly, and remained almost undisturbed since then (e.g., Baker et al. 2005; Krot et al. 2005; Markowski et al. 2007; Wadhwa et al. 2007) . Two quenched angrites, Sahara 99555 (SAH 99555) and D'Orbigny, and one "slowly cooled" angrite, Northwest Africa 2999 (NWA 2999), were selected for Fe-Ni measurements. Different mineral fractions were handpicked or sieved. After chemical separation and purification, nickel isotopes were measured using a multicollector inductively coupled plasma mass spectrometry (MC-ICPMS; details about the analytical procedure and data processing are available in the Appendix).
SAH 99555 and D'Orbigny show a small but resolvable excess of 60 Ni, in contradiction with the deficit observed for SAH 99555 whole-rock samples by Bizzarro et al. (2007) . The isotopic composition of the angrite bulk samples correlates with their 56 Fe/ 58 Ni ratio defining an isochron with a slope of (3.12 ± 0.78) × 10 −9 (Figure 1(a) ). The absence of resolvable scatter from the isochron indicates that the source reservoirs of the three meteorites formed contemporaneously and that the 60 Fe-60 Ni systematics of the bulk meteorites remained closed since their formation. According to 53 Mn-53 Cr systematics, a global differentiation of the angrite parent body took place 4563.2 ± 0.6 Ma ago (Shukolyukov & Lugmair 2007) . Due to the rapid cooling rate of angrites, the 53 Mn-53 Cr and 60 Fe-60 Ni systematics of their bulk samples are most likely closed at the same time within uncertainties. If the age of the solar system is ∼4567-4568 Ma, as was measured for the CV CAIs (Amelin et al. 2002; Bouvier et al. 2007; Jacobsen et al. 2008) , an initial 60 Fe/ 56 Fe ratio ranging from (1.8
can be back-calculated at the start of the solar system for the reservoir from which the angrite parent body accreted. In contrast to the 60 Fe-60 Ni whole-rock isochron, probably dating the global differentiation event on the angrite parent body, the internal isochrons based on the mineral separates can potentially define the crystallization age of an individual angrite. (Figure 1(b) ). If the regression line is interpreted as an internal isochron, its slope of (1.81 ± 0.50) × 10 −9 means that SAH 99555 crystallized 1.2 ± 1.2 Ma after the formation of its reservoir dated by the whole-rock isochron. The internal isochron also yields an age of 4.9 +0.7 −0.5 Ma for SAH 99555 relative to the start of the solar system assuming an initial solar system 60 
CB Chondrite Components
The metal-rich carbonaceous (CB) chondrites appear to have formed almost contemporaneously with the global differentiation of the angrite parent body ∼4562.7 ± 0.5 Ma ago (Krot et al. 2005) . The CB chondrites Gujba and MIL 05082 consist of millimeter-to centimeter-sized Fe-Ni-metal ± sulfides and silicate nodules. Three metal-sulfide nodules from Gujba and one from MIL 05082 show subchondritic 56 Fe/ 58 Ni ratios ranging from 18.7 to 20.7, while the chondritic ratio is 24.4 (Anders & Grevesse 1989) . Assuming that the initial solar system 60 Fe/ 56 Fe ratio is 1.8 × 10 −8 , 60 Ni-deficits smaller than 2 × 10 −3 ε are expected for these nodules, about 2 orders of magnitude smaller than the reproducibility of our measurements. Instead, all samples are depleted by 0.10-0.20ε (10-20 ppm) in 60 Ni relative to the terrestrial standard (Figure 2(a) ). The Gujba metal sample previously measured by Cook et al. (2006) also (Table 1) . If CB metal-sulfide nodules are formed from a reservoir of carbonaceous chondrite composition, a regression calculation yields an extremely high initial 60 Fe/ 56 Fe ratio of >1.1 × 10 −6 at the time of CB formation, which would correspond to an unrealistic 60 Fe/ 56 Fe ratio of >1.2 × 10 −5 at the start of the solar system ( Figure 3 ). These observations indicate that the 60 Fe-60 Ni systematics in the CB metal-sulfide nodules have no chronological meaning and that these nodules are formed in the absence of live 60 Fe. This conclusion is further supported by the 64 Ni-deficit observed in these samples, as expected if objects formed in a region that did not incorporate 60 Fe (Dauphas et al. 2008 ). In addition, CB metal-sulfide nodules tend to be depleted in 61 Ni with a possible negative correlation between the 60 Ni/ 58 Ni and 61 Ni/ 58 Ni ratios, revealing the presence of nucleosynthetic anomalies (Figure 4(a) ). The criterion of Wendt & Carl (1991) was used to estimate the statistical validity of the best-fit line between 60 Ni/ 58 Ni and 61 Ni/ 58 Ni ratios. According to this criterion, the experimental mean square weighted deviation (MSWD) should be less than 1 + 2 × √ 2/f , where f is the degree of freedom, in order to have a statistically meaningful alignment. Considering Gujba and MIL 05082 together, the regression line yields an MSWD of 0.73 whereas the theoretical value is 3.0 (degrees of freedom = 2). Hence the correlation between epsilon-60 and epsilon-61 has a statistical meaning.
We suggest that the isotopic composition of the CB metal-sulfide nodules results from the mixing of several (at least two) isotopically distinct reservoirs: one end-member is possibly an s-process component characterized by an excess of 61 Ni and a deficit of 60 Ni. The second end-member is not yet identified but is probably not terrestrial-like as the regression line does not go through zero. Spallation reactions and cosmogenic effects may affect isotope ratios (e.g., Markowski et al. 2006 ) and the nickel isotope composition of the Tlacotepec IVB iron meteorite can be explained by a spallogenic influence (Regelous et al. 2008 ). However, the neutron capture crosssections for nickel are small and the exposure age of Gujba is only 26 ± 7 Ma (Rubin et al. 2003) . Spallation can therefore not be the reason for the offset from the terrestrial composition. We conclude that the CB metal-sulfide nodules recorded the isotopic signature of various reservoirs and formed in the absence of 60 Fe at a time when live 60 Fe was present in some regions of the solar system as indicated by angrite data.
Ureilites
Ureilites are olivine-pigeonite-bearing achondrites with interstitial carbonaceous material and metal that formed nearly contemporaneously with angrites and CB chondrites, ∼5 Ma after the start of the solar system (Kita et al. 1997) . Four ureilites (ALHA 77257, EET 87517, EET 96042, and Kenna) were selected for nickel isotope measurements. In addition to bulk samples, fractions highly enriched in silicates (olivine) have also been analyzed. As the 56 Fe/ 58 Ni ratio is higher than 500 in the silicates, excesses of 60 Ni larger than 0.2 ε or 11.7 ε are expected if live 60 Fe was present in their formation region at the level of 1.8 × 10 −8 or 1 × 10 −6 , respectively. Bulk samples have the same isotopic composition as the terrestrial standard within uncertainty, whereas the silicate-rich fractions show a 60 Ni-deficit despite their high Fe/Ni ratios (Figure 2(a) ), indicating that they formed in the absence of live 60 Fe. We do not confirm the data of Bizzarro et al. (2007) , who reported a 60 Ni-deficit of about 0.25-0.30 ε in bulk ureilites. The reason of the discrepancy is not yet clear but may be related to analytical issues. The nickel isotope data for iron meteorites presented in Bizzarro et al. (2007) also disagree both with earlier results (Cook et al. 2006; ) and with more recent data (Dauphas et al. 2008; Regelous et al. 2008) . The reproducibility of our measurements performed on angrite replicates using two MC-ICPMS in two different laboratories gives us confidence in our results.
The 60 Ni anomalies in ureilite silicates do not correlate with the Fe/Ni of the samples. The 60 Ni-deficit seems to be associated with an excess of 61 Ni, even if the 61 Ni anomalies are not resolvable from the terrestrial standard within uncertainties (Figure 4(b) ). According to the criterion of Wendt & Carl (1991) the epsilon-60 and epsilon-61 data are nonetheless correlated with a statistical meaning. There is a possible hint toward a contribution from an s-process component in ureilite silicates like in the sulfide inclusions found in iron meteorites Cook et al. 2008) , while CB metal-sulfide nodules are depleted in this s-process component (see Section 2.2). Despite the care in handpicking the mineral separation, the olivine grains contain some tiny metal inclusions. The purer the silicate fraction, the larger the isotope anomaly. Silicates seem to plot on a mixing line between the s-process endmember and a terrestrial-like pool. Bulk ureilites plot close to the terrestrial isotope composition. In summary, at least two isotopically distinct reservoirs are required to explain the nickel isotope composition of the ureilite silicates.
HETEROGENEOUS DISTRIBUTION OF 60 Fe
Angrites (this study) and eucrites (Shukolyukov & Lugmair 1993; Quitté et al. 2010) show evidence of the presence of live 60 Fe when they crystallized, and the 60 Ni-excess in Allende CAI USNM 3529-21 records the past presence of 60 Fe at the start of the solar system. The hypothesis of a late injection of 60 Fe into the protoplanetary disk as suggested by Bizzarro et al. (2007) is therefore not supported. The apparent inconsistencies in the results obtained for meteorites with a similar age (angrites, CB metal-sulfide nodules, and ureilites) are best explained by the heterogeneous distribution of 60 Fe and the existence of several isotopically distinct reservoirs at the beginning of the solar system in full agreement with another recent study (Regelous et al. 2008) . The importance of 60 Fe as a heat source for planetary melting then depends on its local abundance and is not the same for all parent bodies. Isotope heterogeneities have already been reported for several elements including chromium (Lugmair & Shukolyukov 1998; Trinquier et al. 2007 ), barium, samarium, neodymium (Andreasen & Sharma 2007) , calcium, and titanium (Fahey et al. 1987 ). These heterogeneities have been found both at the mineral and planetary scales. Additionally, different short-lived chronometers seem irreconcilable with each other and with the 207 Pb system at high chronological resolution (see, e.g., Figures 2 and 4 in Markowski et al. 2007 ). Altogether, these observations strongly suggest the lack of a real homogenization in the solar system. CAIs and chondrules found in primitive meteorites came from a source region characterized by an initial 60 ). Based on our new iron-nickel data, at least three distinct isotopic reservoirs can be identified (Figure 4 ): (1) a 60 Ni-rich, 61 Ni-poor (i.e., 62 Ni-rich) reservoir represented by CAIs , and carbonaceous chondrites Regelous et al. 2008) inherited from nucleosynthesis in a neutron-rich environment; (2) a 60 Ni-poor, 61 Ni-rich reservoir sampled by ureilite silicates, and sulfides in iron meteorites, and enriched in an s-process component (possibly coming from an asymptotic giant branch star); and (3) a 60 Fe-rich reservoir with no enrichment in the neutron-rich nickel isotopes, which is the source region of the CAI USNM 3529-21, and possibly of chondrules.
Iron meteorites, angrites, eucrites, and ordinary chondrites have an intermediate isotope composition resulting from the mixing of the different reservoirs. These data are consistent with those of Trinquier et al. (2007) who showed with chromium isotopes that at least two isotopically distinct reservoirs coexisted at the beginning of the solar system: a CAI-carbonaceous chondrite 54 Cr-rich reservoir and an achondrite-irons-ordinary chondrite 54 Cr-poor source region. Based on nickel isotopes, irons and ordinary chondrites come from the same reservoir (Regelous et al. 2008; Rubin et al. 2003) , a reservoir mixed to less than 10% heterogeneity (Dauphas et al. 2008) . Our new data show that other groups of meteorites come from regions having different isotopic compositions.
But how may heterogeneities have been preserved in the protoplanetary disk? Radionuclides produced by stellar nucleosynthesis have been injected into the protosolar molecular cloud core or into the protoplanetary disk either via Rayleigh-Taylor fingers (Cameron & Truran 1977; Foster & Boss 1996; Vanhala & Boss 2000 or following the aerogel model (Amari et al. 1994; Chevalier 2000; Ouellette et al. 2005 Ouellette et al. , 2007 . In the case of Rayleigh-Taylor-type instabilities, spatial and temporal heterogeneities are expected (Vanhala & Boss 2000 and the injection of short-lived radionuclides is possibly protracted. In the "aerogel model," ejecta explode non-isotropically and injection depends on disk orientation (Ouellette et al. 2007; Vanhala & Boss 2002) . Thus, spatial heterogeneities are first due to local injections. Once in the disk, it is unclear how well the freshly nucleosynthetized material can mix with the original cloud material. Boss (2007 Boss ( , 2008 calculated that a steady-state level of ∼10% heterogeneities is achieved within 1000 years, which is incompatible with our meteorite data. However, he does not take into account a protracted feeding of the solar nebula (Throop & Bally 2008) . Besides, in his model (Boss 2008) , the turbulence parameter is taken as a constant while magnetorotational instability leads to spatially heterogeneous turbulence (Ciesla & Cuzzi 2006) . The transport of material in a turbulently evolving disk would result in fluctuating chemical and isotopic conditions. Finally, solid particles decouple from the gas in the disk on the timescale of the parent bodies' accretion and their evolution follows different paths (Ciesla & Cuzzi 2006) . The degree and timescale of chemical and isotopic homogenization within the protosolar nebula inferred from models is therefore not yet clear.
According to our data, the protosolar nebula as a whole was characterized by widespread 60 Fe heterogeneity. Hence, the use of the 60 Fe-60 Ni system as a high-precision chronometer is restricted to a limited number of objects assumed to come from the same reservoir.
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APPENDIX METHODS

A.1. Sample Preparation and Chemical Separation Procedure
Any weathered area was first mechanically removed with diamond-coated tools and the piece was rinsed with water (18MΩ-grade) and distilled ethanol. Samples were then coarsely crushed in a boron carbide mortar under a laminar flow. Different grain size fractions of angrites were obtained by sieving through a nylon tissue of different mesh sizes. Olivine and pyroxene were handpicked under a binocular microscope, while metal was separated using a hand magnet. All fractions were finally ultrasonicated with water and distilled ethanol for 10-15 minutes. As Ni is a highly mobile element, leaching steps commonly induce an Fe-Ni fractionation as confirmed by the experiment performed on an NWA 2999 fraction (Fe/Ni = 62 ± 5 in the 150-230 μm fraction, Fe/Ni = 257 ± 15 in the same fraction sequentially leached with 0.05N HF, 0.5N HF, and 1N HF). Any leaching procedure was therefore avoided for the fractions considered in the present study. More detail can be found in Markowski et al. (2007) as the fractions went through a combined W-Ni chemical separation procedure, and the same separates were analyzed in both studies.
After crushing the ureilites, a silicate-rich phase mainly composed of olivine was isolated by handpicking. The magnetic phase corresponding to the vein material was separated using a hand magnet.
Individual metal-sulfide nodules of CB chondrites were sawed with a diamond-coated saw blade and one-half was kept for SEM-EDS analysis. The other half was washed in ethanol under ultrasonication and then etched in 16N HNO 3 at room temperature for 1 day. The outermost part of the nodule was then dissolved using 12N HNO 3 and this procedure was repeated three times. Altogether, about 10%-20% of the initial mass was lost. The sample was finally rinsed in water and ethanol.
Silicate samples were digested in an HF-HNO 3 -HCl mixture at 145
• C for 4 days. Metal-sulfide nodules were digested in HCl-HNO 3 at 120
• C overnight. Nickel was separated using ion exchange techniques and a liquid-liquid extraction following the procedure described in Quitté & Oberli (2006) .
A.2. Mass Spectrometry
Nickel isotope measurements have been performed using an MC-ICPMS connected to a desolvating system (DSN-100). Up to 13 replicate measurements have been performed on the same solution as well as on different digestions over several measurement sessions (Table 1 ). This provides an estimate of the reproducibility that takes into account the influence of different dissolutions, chemical separations, and analytical sessions. Several angrite fractions have been analyzed in two distinct labs (ETH Zurich and ENS Lyon) using two different instruments. The two sets of data agree within uncertainty (Table 1) . The large geometry Nu Plasma 1700 instrument offers a high mass resolution that permits to fully resolve the argide interferences, while the Nu 500 HR ICPMS has "pseudo-highresolution" capabilities which means that the interferences can be partially resolved and the isotope of interest is measured on the shoulder of the peak. Using Nu 1700, 40 (Gramlich et al. 1989 ) using the exponential law. It is useful to discuss and compare both sets of data (with the two normalizations) when looking for nucleosynthetic anomalies as the normalization ratio may not be normal. Results are reported in epsilon (ε) units that represent the deviation of the sample from the standard in parts per 10 4 . More details are given in Quitté & Oberli (2006 Ni/ 58 Ni using Nu 1700. The better reproducibility achieved on Nu 1700 is mainly due to (1) a higher sensitivity, (2) the "true" high mass resolution capabilities, and (3) a larger mass dispersion of the instrument (17% of mass dispersion at a zoom magnification of 1). All masses ( 56 Fe up to 66 Zn) can thus be collected simultaneously, while three successive cycles are required on Nu 500 HR (mass jumping).
The Fe/Ni ratios have been measured on a 10% aliquot kept after sample digestion. The dried residue was taken up in HNO 3 and Rh was added as an internal standard. Iron and Ni concentrations were determined using a double focusing sector field ICP-MS (Element 2, Thermo Electron Corporation) with a medium mass resolution (pre-defined setting of M/ΔM = 4000), or an Agilent 7500 CX equipped with a collision cell. In this case, Fe was measured both without the collision cell and in pure He collision mode. Both instruments permit the simultaneous determination of Fe and Ni concentrations. The elemental ratios are directly measured during the run and the matrix effects are expected to be the same for both elements. Several tests with artificial matrices doped with an Ni and Fe standard showed that 60 Ni can be measured without any interference that may result either from the matrix or from spectral interferences. For iron, the 57 Fe isotope was selected. Nickel-61, 62 Ni, and 54 Fe were always monitored to check for consistency with the data using 60 Ni and 57 Fe. Concentrations measured using the Element 2 instrument or Agilent 7500 CX agree within uncertainty.
A.3. Data Processing
The elemental ratios reported in this study correspond to the average of the runs and the uncertainty used is the standard error of the mean (2σ mean ; Table 1 ). As far as isotope ratios are concerned, raw measured data were corrected online for background, 58 Fe and 64 Zn interferences, and they were normalized to 62 Ni/ 58 Ni or 61 Ni/ 58 Ni. The isotope data have then been processed in two different ways and both approaches yield the same results within uncertainty. First, we calculated the epsilon value for each measurement relative to the average of the two bracketing standards and report the mean of these values. The second approach consisted of taking all single isotope measurements of a given sample together, as they all belong to the same statistical population. An average value was then calculated for each Ni ratio, and the epsilon values were estimated relative to the average of the standard solution in the same running conditions. The reported uncertainty represents the standard error of the mean (Table 1) .
A.4. Accuracy of the Measurements
